Application of a horizontal drain in an embankment dam has been a prevalent method to lower the phreatic line and dissipate the excessive pore water pressure. The efficiency of this type of drain is often attributed to its length, while the effect of thickness is ignored. In this research, a series of tests were accomplished and different drain sizes including different thicknesses and lengths were applied to a physical model of an embankment dam. During the tests, the pore pressures were measured both in the steady and transient conditions using a number of peizometers and pressure sensors. In steady state, the increased thickness prevented the occurrence of piping and in transient state guaranteed the stability of the upstream slope. However, the thickest drain used in this research showed different efficiencies depending upon the applied length. For the maximum effective length derived from the equations, the increase in thickness could efficiently prevent the undesirable consequences of excessive pore water pressure.
Introduction
The critical state of steady seepage in an embankment dam occurs when the seepage flow intersects the downstream slope and the piping takes place. According to the comprehensive studies by Foster et al. (2000) and Fell et al. (2003) , internal erosion and piping have been the main causes of failure in embankment dams since they destabilize the downstream slope. A well known case of failure due to internal erosion is the Teton Dam in the United States. Mattsson et al. (2008) emphasized that 3 main factors, namely the saturated materials, concentrated seepage, and progressive erosion towards the upstream slope of the embankment dam, accelerate the failure process. Various alternatives have been suggested so far to prevent this problem. In this regard, the application of a horizontal drain has been a common method to control the seepage flow since it can alleviate the pore pressure and lower the phreatic line in the embankment. On the other hand, the transient seepage due to the rapid drawdown of water level in the reservoir is another critical state in an embankment dam that can lead to the failure of the upstream slope. In other words, when the water level declines rapidly within the reservoir the stabilizing effect of hydrostatic pressure on the upstream slope is eliminated, while the pore pressure needs more time to dissipate. Therefore, a high pressure gradient is created in the embankment towards the reservoir and as a result a slip surface may emerge and develop at the upstream slope.
Some famous cases of failure due to rapid drawdown are the Pilarcitos Dam in San Francisco and the Walter Bouldin Dam in Alabama (Berilgen, 2007) . There are generally 2 groups of researchers who have worked on the stability of embankment dams in rapid drawdown condition. Lowe and Karafiath (1980) , Baker et al. (1993) , and the US Army Corps of Engineers (2003) belong to the first group, which assumed the undrained shear strength behavior in the embankment dam. On the other hand, Svano and Nordal (1987) , Wright and Duncan (1987) , Lane and Griffiths (2000) , and Berilgen (2007) are of the second group, which applied the drained shear stress parameters to study the effect of rapid drawdown on the stability of an embankment dam. Drained behavior occurs when the pore water pressure starts to decrease from the outset of the drawdown process and undrained behavior happens when the drawdown is assumed such a quick process that no change in pore water pressure occurs after drawdown. Duncan and Wright (2005) concluded that the time factor of consolidation (T) can determine whether the undrained or drained behavior occurs in the embankment dam.
According to their results, more than 99% of the excessive pore pressure is dissipated for T ≥ 3, which makes the assumption of drained behavior reasonable. Berilgen (2007) highlighted the vital influence of drainage on the stability of embankment dams. According to his studies, presuming the drained behavior for the slow drawdown and the undrained behavior for the fully rapid drawdown, which are 2 limit states, is irrational and the ratio and rate of drainage and the soil permeability are important factors to determine the drainage behavior. For example, he observed undrained behavior for a highly permeable soil in some cases of drawdown in an embankment dam (even for T ≥ 6). Many studies have been accomplished so far on the design of drain size in steady state seepage (Chahar, 2004; Mishra and Singh, 2005; Mishra and Parida, 2006; Belkacem and Abderrahmane, 2008) , but there is a gap in research about the effect of drain size on the stability of upstream slope in drawdown condition. In addition, the above-mentioned studies of the steady state focused either on determination of the appropriate drain length in a horizontal drain or the thickness of a toe drain. In this study, the goal is to take the parameter of thickness into account in a horizontal drain and consider the efficiency of the combination of length and thickness in both steady and transient conditions. Therefore, horizontal drains with various thicknesses and different lengths (ranging from the minimum to maximum effective lengths) are applied and their efficiencies are evaluated both in the steady and transient states in a laboratory model. Numerov (1942) performed research on the application of a drain in an embankment dam and presented a primary method to determine the location of the phreatic line in an embankment dam with a drainage system. Today, there are different types of drains that are applied to embankment dams such as chimney drain, toe drain, and horizontal drain. The chimney drain is usually utilized at the downstream side of the impermeable clay core in zoned embankment dams and the toe drain and horizontal drain have been widely applied to homogeneous embankment dams. In this study, the focus will be on the horizontal drain, which has been widely used in embankment dams of medium height, which are usually 20-60 m high. In the literature, embankments higher than 60 m and lower than 20 m are classified as the small and high embankment dams, respectively (USBR, 2003) . The Vega Dam, constructed by USBR, which is 50 m high, is an example of the application of horizontal drain system. In the last decade, some researchers suggested practical methods to determine the suitable length of horizontal drains (USBR, 2003; Chahar, 2004) . Chahar (2004) presented relationships to determine the minimum and maximum effective drain lengths that can prevent the seepage flow from touching the downstream slope (Eqs. (1), (2), and (3)). The mentioned equations have been derived considering the distance of the phreatic line from the downstream sloping face, which is defined as the downstream slope cover (Figure 1) , while the method presented by USBR (2003) did not take the downstream slope cover into account. This is the advantage of Chahar's equations in comparison with the method proposed by USBR (2003) . Figure  1 illustrates the cross section of a homogeneous embankment dam and the parameters of Chahar's equations in isotropic condition.
Steady state seepage in an embankment dam with a horizontal drain
where l and d are drain length and downstream slope cover, respectively. The asterisk represents the dimensionless form of the parameters denoted in Figure 1 by dividing each of them by h and this dimensionless presentation of results can be used to predict the behavior in prototype. Equations (1) and (3) determine the maximum downstream slope cover and the maximum effective length of the drain, respectively. In Eq. (2), the minimum length is derived so that the downstream slope cover is greater than the capillary rise above the phreatic line. Hence, the capillary front is unlikely to touch the downstream slope and piping is prevented. In this study, the method of Chahar (2004) is adopted to determine the minimum and maximum effective lengths of the horizontal drain and a combination of obtained lengths and different thicknesses is applied to a laboratory model of an embankment dam to evaluate the effect of drain size on the phreatic line. (Chahar, 2004) .
Transient seepage in rapid drawdown condition
Transient seepage in an embankment dam is defined as the temporal variation of seepage flow characteristics including pore water pressure and the location of the phreatic surface. As mentioned in the previous section, when the water level in the reservoir of an embankment dam falls, the hydrostatic pressure that nullifies the destructive effect of pore pressure on the upstream slope is gradually or suddenly removed. Hence the upstream slope may become unstable and subject to collapse, which is the result of saturated pores and seepage flow towards the reservoir (Figure 2) .
When the water level in a reservoir falls at such a quick rate that no change in pore pressure occurs at the upstream slope immediately after drawdown and the phreatic surface keeps its previous position, it is called rapid drawdown. The stability of the upstream slope in rapid drawdown condition mainly depends upon the rate and ratio of drawdown, the hydraulic conductivity of the material, and drainage. Lane and Griffiths (1997) , Tran (2004) , and Viratjandr and Michalowski (2006) presented similar results and concluded that the factor of safety (FS) for upstream slope stability decreased noticeably when the water level after drop was almost one-third of the embankment height. Tran (2004) performed a case study of rapid drawdown in the Dau Tieng Dam and considered the parameter of drawdown ratio (L/H) where H is the dam height and L is the water depth after drawdown ( Figure 2 ). As shown in Figure 3 , the FS value decreases approximately 34% at the drawdown level of H/3 and almost 43% at complete emptying. Therefore, the critical drop rate of the FS value occurs before the complete emptying of the reservoir, which imposes excessive pore pressure on the upstream slope. . FS values for upstream slope stability in rapid drawdown (RDD) condition by different methods (Tran, 2004) .
In this study, the Ordinary Method of Slices (OMS) (Anderson and Richards, 1987) , which is simple to use in laboratory works and incorporates the effect of pore pressure, is adopted to analyze the stability of the upstream slope.
Experimental set-up
The physical model of an embankment dam was constructed in a Seepage and Drainage Tank as illustrated in Figure 4 . It was equipped with 42 piezometers to measure the pore water pressure in steady state experiments. In addition, the pressure sensors were installed at 4 points (A, B, C, and D in Figure 5 ) on the upstream slope to accurately record the temporal variation of pore pressure in the case of rapid drawdown. Table 1 presents the properties of the homogeneous low permeable body material and the drain materials applied to build the embankment dam. As presented in Table 2 , the filter materials were selected based on Terzaghi's criterion (USACE, 1953) and also using the enhanced model of filter design presented in Indraratna and Raut (2006) . a b In Terzaghi's criterion 15% by mass of the filter materials and 85% by mass of the body materials are finer than the particle diameters denoted by D 15(Filter) and D 85(Body material) , respectively. The parameters of the enhanced model are shown in Figure 6 . Since well-graded materials were selected for the filter, H/F ratios were calculated for F≤20 (as proposed in Figure 6 ). The reader is referred to Indraratna and Raut (2006) for further details. According to Table 2, the minimum value of H/F is greater than unity. Therefore, the selected filter material satisfies the criterion of an enhanced model as well as Terzaghi's criterion. The particle size distributions of the body and filter materials are shown in Figure 7 . The geometric scale of 1:50 was selected in physical modeling and considering the minimum height of 20 m for a medium embankment dam, the physical model was built in the Seepage and Drainage Tank. Table 3 presents the geometric parameters of the physical model. In order to establish a homogeneous compacted embankment, the dried sieved materials were completely mixed together to make an almost homogeneous compound, which was then compacted in 3 layers with the optimum moisture value (presented in Table 1 ). In this research, there were some limitations associated with the scale effect on the particle size of embankment materials. For instance, if the appropriate particle size for embankment dam is scaled down according to the geometric scale, it falls within the range of very impermeable clays. Consequently, the capillary rise is not controlled within the small size of the embankment model and the effect of the drain on the downstream slope cover is not evaluated as desired. Therefore, a soil with a low percentage of clay was chosen to cope with the capillary rise. Another limitation was associated with the small width of the embankment that led to a 2D nature of seepage flow in laboratory experiments; it is naturally 3D in the prototype. Since the tail water depth imposes a hydrostatic pressure on lower parts of the downstream slope and has a stabilizing effect on it, in this research the tail water depth was set to zero. Hence, the entire downstream slope was subject to piping and the efficiency of drains could be better understood. Equations (2) and (3) were used to determine the minimum and maximum drain lengths of the physical model. In addition, another drain length was selected in the range of the minimum and maximum lengths and referred to as the medium length. Mishra and Parida (2006) suggested that the maximum effective height (thickness) of the toe drain is about one-third of the embankment height but there is still a gap in research about the effect of thickness on the efficiency of the horizontal drain. In this study, 3 different thicknesses (referred to as the minimum, medium, and maximum thickness) were selected and applied in combination with the mentioned drain lengths. Table 4 presents all the lengths and thicknesses of the horizontal drain that were applied to the physical model. During the tests, the maximum water depth in the reservoir (refer to Table 3) was used and the effect of horizontal drain size in lowering the phreatic line was tested in steady seepage condition. Then the horizontal drain size was tested under the rapid drawdown condition. Since the upstream slope is the most sensitive part of the embankment dam during rapid drawdown, 4 sensors were installed on 2 slices at the upstream slope (AB and CD in Figure 5 ) to record the variations in pore pressure. As a result of the small size of the model and the low percentage of clay in fine grained material, the effect of stress and strain, i.e. consolidation after drawdown, was ignored. Some initial tests were accomplished prior to the experiments on the physical model without using drains and the slip surfaces (of Figure 5) were observed applying the smallest and largest drawdown ratios. In fact, AB and CD were 2 slices on 2 observed slip surfaces during the preliminary tests (without application of the drain). After the application of drawdown ratios, the effect of drain size on the factor of safety was studied on AB and CD. Meanwhile, it is not claimed that the observed slip surfaces are the only possible ones in rapid drawdown condition but the goal of this paper is only to consider the effect of drain size on the stability of some points of the embankment dam model that were subject to collapse (when no drain was used). Finally, different drawdown ratios were applied and the temporal variations in pore pressure were recorded by the pressure sensors. The factor of safety for each drain size is presented in the following section. 
Results and discussion

Experiments of the steady state
In this section, the results of experiments with the application of different drain sizes are presented in the form of phreatic surfaces and d*-l* graphs. It can give good information to the reader about the simultaneous effect of drain length and thickness in steady state experiments. The tests for each drain size were carried out and the downstream slope cover was measured for all of the observed phreatic surfaces. Figure 8 illustrates the phreatic lines for the minimum length and the applied thicknesses. It is obvious that none of the phreatic lines was controlled well within the embankment body. Thus for the minimum thickness the phreatic line touched the downstream slope and the slope cover was zero somewhere close to the toe. For the medium and maximum drain thicknesses, none of the phreatic lines touched the downstream slope but they were very close to the slope.
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Figure 8. Observed phreatic lines for the minimum drain length. Figure 9 shows the phreatic lines obtained for the medium drain length. It is observed that all the phreatic lines were controlled well within the embankment and none of them intersected the downstream slope. Comparing the phreatic lines in Figures 8 and 9 , it is evident that the increased length caused a larger slope cover but the increased thickness had less effect on the slope cover, especially in the case of minimum drain length. Figure 10 demonstrates the phreatic lines of the maximum drain length. It is indicated that for the minimum thickness the phreatic line was confined well within the embankment dam but the slope cover was similar to that of the medium length. In addition, the downstream slope cover increased dramatically for the medium and maximum thicknesses. This highlights the positive effect of drain thickness on lowering the phreatic line, especially when a drain with maximum effective length is employed. It is concluded from Figures 8, 9 , and 10 that when the drain length was closer to the maximum effective value obtained from Eq. (3) the greatest slope covers were observed for the medium and maximum applied thicknesses. On the other hand, if the drain length selected is close to the value of minimum effective length, the increased thickness has a negligible effect on improving the slope cover. Chahar (2004) presented several graphs to explain the relationship between l* and d* without taking the drain thickness into account. In Figure 11 the lines fitted to the data obtained in this study (considering the drain thickness) are displayed and compared with that given by Chahar (2004) . All of the experimental data are located below Chahar's line and the line related to the minimum thickness has almost the same inclination as the Chahar's but with a different intercept. It demonstrates that even the minimum applied thickness has a positive effect on increasing the downstream slope cover and results in a greater downstream slope cover than the conventional horizontal drain (with negligible thickness). As the thickness increased, lines with milder slopes were obtained and greater downstream slope covers were achieved for lower drain lengths. Comparing the graphs of medium and maximum thickness, it is observed that the corresponding lines are almost parallel and close to each other. Comparing with the results of medium thickness (6 cm) it is observed that when the maximum thickness value of this research (9.5 cm) was applied a little improvement in downstream slope cover was achieved. Meanwhile, the inclinations of d*-l* graphs for the medium and maximum thickness are almost the same. 
Factor of safety in rapid drawdown condition
In this section, the results of experiments for the rapid drawdown condition are presented and the effect of horizontal drain size on the stability of upstream slope is analyzed. In this regard, multiple graphs are provided that display the FS value against drawdown ratio and time. The drawdown ratio in the presented graphs is defined as L d /h where L d = h−L (based on the parameters shown in Figure 2 ) and applying different drawdown ratios the FS values were calculated after drawdown on AB and CD. Figure 12 shows the factor of safety on AB against the drawdown ratio for all combinations of length and thickness. It is observed that with increase in drawdown ratio the FS graphs demonstrate the descending trend for the minimum drain length and all of the thicknesses. The reduction in FS values is due to the excess pore pressure after drawdown and indicates the prevailing undrained behavior on AB for the minimum drain length. In this paper, the expression "undrained behavior" represents the reduction of the factor of safety after an applied drawdown ratio and indicates that the applied drain size is unable to dissipate the excessive pore pressure immediately after drawdown, which leads to the decrease in the FS value. On the other hand, the "drained behavior" occurs when the drains are able to dissipate the pore pressure immediately after drawdown and this causes the increase in FS values. For the medium drain length and minimum thickness, the reduction in FS values was perceived after the beginning of drawdown. When higher drawdown ratios and greater thicknesses were applied the descending trend of FS curves turned into a slightly ascending trend, which indicates the gradual emerging of drained behavior on AB. Therefore, as the time elapsed after the beginning of drawdown and higher drawdown ratios were applied, the drain with medium length was able to nullify the excess pore pressure and created the drained behavior.
For the maximum effective length, the ascending trend of the curves demonstrates the drained behavior. However, the curves related to the medium and maximum thicknesses are steeper than that of the minimum thickness, which indicates the noticeable effect of thickness on creating greater drained behaviors and increasing the FS value. Therefore, it shows the positive effect of thickness on the stability of the embankment dam in rapid drawdown condition, especially for the maximum effective length. It is somehow similar to the results taken from the steady state analysis where the efficiency of thickness in lowering the phreatic surface was noticeable for higher drain lengths. Figure 13 presents the FS values on CD for the same drain sizes and drawdown ratios as in Figure 12 . The curves related to the minimum effective length are close to each other and follow a mild ascending trend. They represent a slightly drained behavior and the small space between them indicates the negligible effect of thickness on increasing the factor of safety on CD. According to Figure 13 , the inclination and the distance between FS curves increase when longer drains are applied but the curves have slightly less steepness than the similar curves in Figure 12. A comparison between the FS values on AB and CD gives interesting results. For example, Figure 13 illustrates the slightly drained behavior for the minimum length on CD, whereas the application of the same drain size leads to the undrained behavior and the descending trend of the FS values on AB (Figure 12 ). This difference results from the fact that when no drain or the minimum drain length is applied the prevailing direction of seepage flow after drawdown is towards the reservoir, which causes the decline in FS values on AB (which is closer to the upstream sloping face). For the medium length and minimum thickness when the drawdown ratio reached the values of greater than 0.3, the undrained behavior on AB changed to a drained behavior, but for the medium length and the medium thickness the undrained behavior was observed from the beginning of drawdown. Consequently, the dominant seepage flow direction turned back towards the drain and AB became more stable. In such a case, the pore pressure in the vicinity of the upstream slope declined dramatically and the obtained FS value on AB was greater than CD. According to the results the FS values varied in the range of 1.55-2.54 and 1.28-2.22 on AB and CD, respectively. Meanwhile, the ultimate FS value on AB is greater than CD for a given drain size. These experiments prove the significant role of drain size in increasing the slope stability, especially in the vicinity of the upstream sloping face. Generally, the application of a drain with the maximum effective length led to the absolutely drained behavior on both AB and CD and increased the stability of the upstream slope. At the next step, drains with the maximum length were tested to analyze the temporal variation of FS in drained condition. In this regard, the pore pressure was recorded on AB and CD for the minimum and maximum thicknesses to determine the effect of increased thickness on temporal variations of the FS value after drawdown. Figure 14 illustrates the temporal variations of the FS value on AB and CD based on the variation of pore pressure after drawdown. Figure 14 -a shows that for the maximum effective length and the minimum thickness the initial FS value after drawdown on CD is greater than AB. It can be attributed to the initial influence of drain on CD, which is closer to the drain. As the time elapses since the outset of rapid drawdown and the drain affects the upstream slope, the direction of seepage flow changes from upstream (Figure 2 ) towards the drain and it makes the surface area of the upstream slope (slice AB) completely safe against sliding. It is observed that the temporal variation of the FS value on AB is greater than on CD. It can be attributed to quicker removal of pore pressure on AB than CD at the moment that the drain completely affects the upstream slope. Figure 14 -b presents the temporal variation of the FS value on AB and CD for the maximum drain length and the maximum thickness. As shown in Figure 14 -b, for the maximum thickness the initial values of FS on both AB and CD are greater than those for the minimum thickness. A comparison between Figures 14-a and 14-b indicates that as the drain thickness increases to the maximum value the initial increase in FS value for CD is greater than for AB due to the closer location of CD to the drain. However, an equal or slightly greater factor of safety is achieved for AB as the time elapses and the drain affects the superficial areas of the upstream slope. The curves in Figure 14 -b coincide as the time elapses after the beginning of drawdown and it is in contrast with the trend of curves in Figure 14 -a. It represents the capability of the drain with maximum thickness to make a quicker reaction to rapid drawdown than the drain with minimum thickness. Thus it can uniformly nullify the pore pressure and create the same FS in the entire upstream slope (on both AB and CD). On the slice AB, the ultimate FS values obtained from the minimum and maximum thicknesses were 2.6 and 2.7, respectively. Finally, on CD, the ultimate FS values for the minimum and maximum thicknesses were 2.3 and 2.7, respectively. 
Conclusion
In steady state experiments, the lines fitted to the experimental data (d*-l* graphs) were located below the results of Chahar (2004) . Therefore, greater downstream slope covers were obtained during the tests even for the minimum thickness. d* for the thickness of 2.5 cm varied in the range of 0.057-0.225, while for the thicknesses of 6 and 9.5 cm it varied within greater ranges (0.103-0.4 and 0.112-0.41, respectively). In other words, greater slope covers were obtained with the application of lower drain lengths. As mentioned above, the maximum d* value was 0.41, which is almost twice the d* value obtained for the minimum thickness and 2.5 times Chahar's result. Moreover, the increase in thickness from 6 cm to 9.5 cm had a negligible effect on d* values. In transient state after drawdown, the factor of safety on AB and CD varied in the ranges of 1.55-2.54 and 1.28-2.22, respectively. The application of the 15 cm long drain and all of the thicknesses led to the undrained behavior on AB and a slightly drained behavior on CD. The drain size of 25 cm long and 2.5 cm thick showed the drained behavior for L d /h > 0.3. The medium length for thicknesses of 6 and 9.5 cm and the length of 38 cm for all of the thicknesses demonstrated the drained behavior. Moreover, the factor of safety for the thickness of 2.5 cm after almost 40 min from the beginning of drawdown was 2.25 and 2.6 on AB and CD, respectively. Finally, the factor of safety for the drain of 9.5 cm thick was 2.7 on both AB and CD. This shows that the increased thickness could establish a uniform stability on AB and CD, whereas for the thickness of 2.5 cm or no thickness, as assumed in Chahar (2004) , a higher factor of safety is expected on AB, which demonstrates higher stability against superficial slip surfaces. 
Nomenclature
